Introduction
The p53 gene is involved in regulation of the cellular stress response by controlling the induction of apoptosis or growth arrest at cell cycle checkpoints Oren, 1996, 1998) . This function of p53 leads to elimination of damaged cells from a population and is believed to be the basis of the p53-mediated control over genomic stability and its tumor suppressor activity. The p53-mediated eects are tissue-speci®c: in fact, apoptosis occurring shortly after whole-body irradiation is induced only in a few sensitive tissues of wild type, but not p53-de®cient mice, including spleen, thymus, epithelia of the digestive tract and tongue, skin, testis, and tissues of early embryos (Lowe et al., 1993a; MacCallum et al., 1996; Komarova et al., 1997; Hendry et al., 1997; Hasegava et al., 1998; Tron et al., 1998; Frenkel et al., 1999; Uberti et al., 1999) . Molecular mechanisms regulating tissue speci®city of p53-mediated apoptosis are largely unknown. One of the factors, which may have a major impact on the scale of p53 response, is the amount of the p53 protein that the cell can accumulate as a result of stress (Hall et al., 1993; Campbell et al., 1993; Merritt et al., 1994; Clarke et al., 1994; Midgley et al., 1995) . In fact, the basal level of p53 varies dramatically among mouse tissues: radiation resistant tissues express low amounts while sensitive tissues express high amounts of p53 protein (MacCallum et al., 1996) . It was demonstrated that p53 protein becomes stabilized to a similar extent in all tested mouse tissues after g irradiation and therefore the preexisting basal level of p53 protein in a particular tissue determines the amount of p53 protein accumulated after genotoxic stress (MacCallum et al., 1996) . The mechanisms underlying variability of tissues levels of p53 protein are unclear. Such dierences may re¯ect tissue speci®city of transcription of the p53 gene: in fact, a high level of p53 mRNA is characteristic of the spleen and early embryos, both known to be highly sensitive to g radiation. At the same time, radiation resistant organs express low levels of p53 mRNA (Rogel et al., 1985; Komarova et al., 1997) .
Dierences in the activity of p53 responsive genes may be another mechanism through which p53 response could be regulated at the tissue level. In fact, many of the known p53 responsive genes are activated in a tissue-speci®c manner (Komarova et al., 1998) . The p53-dependent cell cycle control in vitro is largely determined by the p53-responsive waf1/cip1 gene, that encodes p21, a cdk inhibitor, that is involved in the induction of G1 and G2 growth arrest (El-Deiry, 1998; Harper et al., 1995; Dulic et al., 1998; Niculescu et al., 1998) . Con¯icting results were obtained regarding the role of p21 in apoptosis. Some cells, lacking p21, appear to undergo p53-dependent apoptosis normally (Deng et al., 1995; Brown et al., 1997) . In some systems, p21 was found to protect cells from apoptosis (Polyak et al., 1996; Gorospe et al., 1997) and in others to promote apoptosis (Boudreau et al., 1996; Duttaroy et al., 1997) .
In vivo, the expression of the waf1/cip1 gene shows signs of both p53 dependent and p53 independent regulation. In untreated mice, levels of p21 mRNA vary among tissues with no correlation to steady-state p53 mRNA levels (Macleod et al., 1995; Bouvard et al., 2000) . Moreover, this expression does not depend on the p53 status of the animal with the exception of the spleen, where p53 is required for the high basal levels of p21 expression. Following whole-body irradiation, p21-transcription is markedly increased in the majority of tissues of p53 wild type but not p53 de®cient mice. This p53-dependent induction of waf1/ cip1 transcription occurs in both radiosensitive and radioresistant tissues regardless of the initial basal levels of p21 mRNA (Macleod et al., 1995) . Intestine is a rare organ that failed to induce p21 following irradiation, possibly due to a high initial level of p21 transcription.
A principal dierence in the phenotypes of p53 and p21 de®cient mice (unlike p53 knockouts, p21 de®cient animals are not cancer-prone) suggests that p21 is not the main mediator of p53's tumor suppressor function. However, the impact of p21 on the p53-dependent tissue reaction to genotoxic stress in vivo remains obscure and was the subject of the present study. Here, we test a hypothesis that dierences in tissue sensitivity to genotoxic stress are dependent on p53 mRNA expression levels by comparing the topography of radiaton-induced apoptosis and p53 mRNA expression. We also compared the eects of whole-body g irrradiation on wild type, p53-de®cient and p21-de®cient mice by using 14 C-thymidine incorporation assay in vivo in the whole animal and concluded that suppression of DNA replication, induced by radiation in the majority of tissues, was p53, but not p21, dependent. In situ analysis showed that the fast induction of apoptosis by radiation matched the sites of high expression of p53 mRNA, indicating the importance of p53 gene regulation at the transcription level for radiosensitivity of tissues. Cell ± cell hybrids between the cell variants diering in p53 mRNA expression, showed dominance of the low expression phenotype, suggesting that the p53 gene might be the subject of negative regulation.
Results
Monitoring the effect of whole-body g irradiation in tissues of p53 7/7 , p21 7/7 and wild type mice
We compared the role of p53 and p21 in tissue reaction to g radiation by using in vivo 14 C-thymidine incorporation, which re¯ects the rate of DNA synthesis. Three to four week-old untreated or g-irradiated mice were injected intraperitoneally with 14 C-thymidine after 8 Gy of whole-body irradiation, followed by preparation of serial whole-body sections (24 h after irradiation) and autoradiography. Labeled thymidine was injected 8 h after irradiation to allow the cells, which were in S phase during treatment, to complete DNA replication. This method allowed us to monitor the dierences in DNA replication in situ simultaneously in multiple mouse tissues (Figure 1 ). However, it did not allow us to distinguish between growth arrest and apoptosis, both of which could lead to a reduction in 14 C labeling. The intensity and tissue distribution of 14 C-thymidine signal were similar in untreated mice of all three genotypes. The strongest signal was detected in intensively proliferating tissues, including hair follicles, intestine, thymus, growing bones, spleen, and lachrymal glands. g irradiation led to a signi®cant reduction of 14 C-thymidine incorporation in the majority of actively proliferating tissues of both wild type and p21 7/7 mice. However, g irradiation failed to cause similar eect in p53 7/7 mice, suggesting that DNA replication continued in the majority of tissues regardless of genotoxic stress. Interestingly, the only organ that maintained a high proliferation rate regardless of the mouse genotype or radiation treatment was the lachrymal gland.
These observations demonstrate a major role played by p53 in determining the radiation response of mouse tissues in vivo. At this level of resolution, we were unable to detect any involvement of p21 in p53-mediated suppression of DNA replication in vivo. The lachrymal gland represents an interesting exception to the p53-dependent growth control mechanism acting in other actively proliferating tissues. mice injected with 14 C-thymidine. Mice were either untreated (u/t) or g irradiated with 8 Gy (g). Arrows point at the following organs: thymus (th), heart (h), liver (l), hair follicles (h.f.), bones (b), spleen (sp) and intestine (in) p53 and p21 in radiation sensitivity in vivo EA Komarova et al p53 mRNA expression in mouse tissues
It was previously shown (Rogel et al., 1985; Komarova et al., 1997) that the level of p53 mRNA expression is high in spleen and early embryos, which respond to gamma radiation or treatment with chemotherapeutic drugs by massive p53-dependent apoptosis, suggesting that p53 gene regulation at the transcription level might be the determinant of tissue sensitivity to genotoxic stress. In order to estimate whether this is true for other organs characterized by a strong p53 dependence (Figure 1 ), we used Northern analysis to compare the levels of p53 mRNA in major mouse tissues diering in their radiosensitivity and ability to incorporate 14 C-thymidine after whole-body g irradiation. The levels of p53 mRNA expression diered dramatically among tissues tested (Figure 2 ). The strongest expression was found in the thymus, spleen and 11 1 2 day-old embryos, correlating with their most pronounced sensitivity to g irradiation. An intermediate level of expression was detected in small intestine, testis, lung, brain and kidney. Liver, muscle and heart expressed the lowest levels of p53 mRNA.
Comparison of the p53 mRNA signal on Northern blots with the strength of tissue response to genotoxic stress estimated by the inhibition of 14 C-thymidine incorporation showed no direct correlation between the results obtained with these two assays. For example, radiation-induced suppression of 14 C-thymidine incorporation was equally pronounced both in the spleen and intestine, though the level of p53 mRNA expression was signi®cantly lower in the intestine, which expressed as much p53 mRNA as radiation resistant kidney or lung. This lack of correlation may indicate the absence of dependence between the level of mRNA expression and biological eect of p53. Alternatively, this may re¯ect a heterogeneity among the cells within a tissue with respect to p53 mRNA expression; if only a minor proportion of cells would express p53, the average p53 mRNA level in total RNA preparations would be low. To distinguish between these possibilities, we checked the distribution of p53 mRNA within the spleen and small intestine using in situ hybridization. In both organs, the distribution of silver granules generated by 35 S-labeled p53 RNA probe varied signi®cantly over dierent structural areas of both organs. The highest density of granules in the spleen was in the white pulp, which consists predominantly of T-and B-lymphocytes, while the signal in the red pulp, consisting of erythrocytes, macrophages and other types of cells, was lower. In the small intestine, only a narrow layer of cells in the crypts expressed high levels of p53 mRNA ( Figure 3 ). These observations indicate that results of Northern hybridization are somewhat misleading since they do not re¯ect dramatic variations in p53 mRNA content in dierent cell types within tissues: the tissues like intestine, which show moderate overall levels of p53 mRNA, may contain cell layers with very high levels of p53 mRNA. We therefore decided to check whether p53-dependent apoptosis, occurring in sensitive tissues in response to genotoxic stress, matches the areas of high levels of p53 mRNA expression.
Effects of p53 and p21 knockout on cell proliferation and apoptosis in small intestine and spleen after g irradiation Spleen We compared the results of in situ hybridization with the distribution of areas of cell proliferation and apoptosis in the spleen and intestine of untreated and g irradiated mice by using BrdU-incorporation and TUNEL assays (see Materials and methods), respectively. Organs were analysed from p53
, p21 7/7 and wild type mice, either untreated or taken at two time points (8 and 24 h) after g irradiation.
In the wild type spleen 8 h after g irradiation, strong apoptosis was detected almost exclusively in the white pulp, matching the areas of high p53 mRNA expression detected by in situ hybridization (Figures 3  and 4a ). The majority of apoptotic cells disappeared from the white pulp by 24 h after g irradiation ( Figure  4a ). By this time, strong apoptosis was seen in the red pulp that was characterized by a lower level of p53 mRNA expression. The comparison of results obtained with the p53-null and p21-null spleens showed that both`waves' of apoptosis were p53 dependent, since they were undetectable in the p53-de®cient tissue (Figure 4a) .
In p21-null spleens, g radiation induced massive apoptosis that also showed bi-modal dynamics, ®rst involving white and then spreading to the red pulp. This observation indicates that p21 is not involved in the mediation of radiation-induced p53-dependent apoptosis in the spleen. Interestingly, p21 de®ciency was found to be associated with spontaneous apoptosis occurring in the white pulp of untreated mice ( Figure  4a ). Moreover, apoptosis in the red pulp of p21-null animals was more intense and rapid than in wild type mice, resulting in a complete destruction of the spleen by 24 h after irradiation. This result argues for the possible anti-apoptotic role played by p21 in the spleen subjected to genotoxic stress.
No clear correlation was found between p53 mRNA expression and proliferation rate in dierent areas of the spleen (Figure 4a ). Both wild type and p21-de®cient mice showed strong reduction of BrdU incorporation after g irradiation, while in p53-null animals proliferation continued after g irradiation at the same rate as it was in untreated animals, thus con®rming the result obtained with 14 C-thymidine incorporation (Figure 1 ).
Small intestine g radiation induced profound apoptosis in proliferating areas of the crypts of small intestine in the wild type and p21-de®cient, but not in p53-de®cient mice tested 8 and 24 h after g irradiation. Areas of p53 mRNA expression, proliferation and apoptosis clearly matched each other (Figure 4b ).
Distribution of apoptotic cells was not changed between 8 and 24 h after irradiation, although the proportion of apoptotic cells and overall destruction of the tissue increased with time after treatment, correlating with the decrease in BrdU incorporation. None of these eects was seen in p53-null animals, again indicating the role of p53 as a determinant of tissue response to genotoxic stress and lack of involvement of p21.
Interestingly, both spleen and small intestine of p53-null mice showed an increase in BrdU incorporation detectable 8 h after irradiation (Figure 4a,b) , suggesting that DNA damage can stimulate DNA replication in the absence of p53.
In situ hybridization with sections of mouse liver showed a uniformly low signal for p53 mRNA throughout the tissue, correlating with lack of radiation-induced apoptosis in this organ (data not shown).
In conclusion, comparison of the results obtained by in situ hybridization, TUNEL and BrdU staining in untreated and g irradiated spleen and small intestine shows that DNA-damage-induced apoptosis begins in the areas with high levels of p53 mRNA expression, thus strengthening the hypothetic link between radiosensitivity of mouse tissues and p53 mRNA expression. 7/7 and p21 7/7 mice before and after 8 Gy of g irradiation (8 and 24 h)
Our results have shown that the high level of p53 mRNA expression in the spleen and intestine correlates with the fast induction of apoptosis after g-radiation. Also, it was demonstrated before that the high radiosensitivity of early mouse embryos, determined by p53-dependent apoptosis, was gradually decreased during organogenesis and correlated with the dramatic decrease of p53 mRNA expression, which is likely to be the basis of this eect (Komarova et al., 1997) . These observations indicate that the p53 gene is a subject of developmental and tissue speci®c regulation at the level of mRNA transcription or stability. Deciphering the mechanisms controlling p53 gene expression at the mRNA level is an essential step towards understanding the genetic control of tissue sensitivity to genotoxic stress. The molecular basis of such control remains unknown and may involve either positive or negative regulatory mechanisms.
To distinguish between these possibilities, we analysed the inheritance of the level of p53 mRNA expression in cell ± cell hybrids between two cell variants of similar origin but diering dramatically in their p53 mRNA expression. We used two strains of mouse embryo ®broblasts: spontaneously immortalized p53 wild type MEFs, line 12-1 (Harvey and Levine, 1991), obtained from 12 1 2 -day-old embryos expressing high levels of p53 mRNA, and a population of immortal MEFs prepared from 17 1 2 -day-old p53-de®cient mouse embryos expressing several fold lower levels of p53 mRNA. 12-1 cells were genetically modi®ed by transduction with a p53-responsive lacZ construct in combination with the puromycin resistance gene; the resulting cell line (ConA, Komarova et al., 1997) maintained a high expression of p53 mRNA. MEFs obtained from p53-de®cient mice express truncated mRNA from a disrupted p53 gene that can be distinguished from the wild type p53 mRNA by an altered mobility on Northern blots. The knockout allele retained tissue speci®city and developmental regulation of its expression (data not shown). These MEFs were G418 resistant since they express the neo gene as a result of incorporation of the knockout construct (Jacks et al., 1994) .
Co-cultivated ConA cells and 17 1 2 -day-old p53-de®cient MEFs were fused with PEG followed by selection on a combination of G418 and puromycin to isolate clones that acquired genomes of both cell types. Seven independent fused clones were isolated and characterized. The transactivation function of p53 was tested in cell hybrids by analysing p53 dependent b-galactosidase activity in the cells treated with UV light. The X-gal staining was negative in all clones tested as opposed to positive staining in the parental ConA cells (Figure 5a ). Northern analysis showed that the level of p53 mRNA expression in these clones was signi®cantly lower than in ConA cells and similar to the parental p53-de®cient MEFs (Figure 5b ). Variations in relative expression levels of the wild type and de®cient p53 alleles among individual clones may re¯ect dierences in the proportion of parental cell types involved in the hybrid formation. A good correlation was demonstrated between decreased levels of p53 mRNA expression and lower expression of p53 and p21 proteins in the fused cell clones, when stained with p53 and p21 antibodies (data not shown). Thus, a high p53 mRNA expression level is inherited as a recessive trait in cell ± cell hybrids suggesting the involvement of a negative control mechanism in the regulation of p53 gene expression.
Discussion
p53 functions through activation of a cassette of p53-responsive genes, among which cdk inhibitor p21 is the most well-studied factor determining cell cycle arrest at G1 and G2 checkpoints (El-Deiry, 1998; Harper et al., 1995; Dulic et al., 1998; Niculescu et al., 1998) . If p21 would be the major mediator of p53-dependent stress response, one could expect similar phenotypes from p53-and p21-de®cient mice. As we know, this is not the case: while p53-null mice die from lymphomas or other types of malignancies before they reach 6 months of age and display a large number of defects in tissue structure and development (Donehower et al., 1992; Armstrong et al., 1995; Pan and Griep, 1995) , p21 knockouts are virtually normal, with no diseases or developmental defects associated with p21 de®ciency (Deng et al., 1995; Brugarolas et al., 1995) . The analysis of the relationship between p53 and p21 in determining tissue response to genotoxic stress in vivo was one of the goals of the present study. The involvement of p53 and p21 genes in apoptosis and growth arrest after genotoxic stress was addressed in many studies. In the majority of them, analysis was focused on cultured cells, speci®c tissues or groups of selected tissues. However, the general picture of all tissue reaction to genotoxic stress in vivo and its dependence on p53 and p21 status of the organism was not determined in any previous study. Here, we used 14 C-thymidine in vivo labeling followed by serial sectioning and autoradiography to monitor changes in DNA replication simultaneously in all organs of wild type, p53-de®cient and p21-de®cient mice in response to whole-body g irradiation. Although this approach neither allowed us to distinguish between growth arrest and apoptosis, nor to reach a single-cell level of resolution, it led to a series of important conclusions. In particular, we found that massive and strong reduction in DNA replication occurring shortly after g irradiation in almost all rapidly proliferating tissues is the result of p53 activity that does not involve p21. This conclusion was con®rmed by the application of methods with higher resolution (immunohistochemical staining on tissue sections) in two radiosensitive organs, spleen and small intestine.
Based on the results of numerous cellular studies, one could expect p21 to determine growth arrest in tissues after genotoxic stress. In fact, a strong correlation was found between the levels of p21 expression in dierent cell types within a tissue (intestinal epithelium and hair follicles) and the dominant eect of radiation induced growth arrest over apoptosis (Wilson et al., 1998; Song and Lambert, 1999) . However, p21-de®cient mice show as strong a reduction of 14 C-thymidine incorporation in vivo after irradiation as wild type animals. To resolve this apparent paradox, we may suggest that those cells that are arrested by p21 after gamma irradiation in wild type mice die from apoptosis in p21-de®cient animals. This explanation is con®rmed by the observations showing an increase in the proportion of apoptotic cells in radiation sensitive organs of p21-de®cient mice after irradiation and an overall higher radiosensitivity of p21-de®cient mice as judged by their survival after a single dose of whole-body irradiation reviewed by Gartel and Tyner, 1998) .
p53-dependent reduction of 14 C-thymidine incorporation after g irradiation was detected in almost all intensively proliferating tissues of young animals, including hair follicles, intestine, thymus, bones and spleen. All of them are known to be sensitive to g irradiation and undergo massive apoptosis after genotoxic stress (Lowe et al., 1993; MacCallum et al., 1996; Komarova et al., 1997; Hendry et al., 1997; Hasegava et al., 1998; Tron et al., 1998; Song and Lambert, 1999) . The lachrymal gland represents an interesting and so far unexplained exception, showing high levels of 14 C-labeling regardless of irradiation. 14 Cthymidine incorporation in other organs with a lower proliferation rate, such as liver, muscles, heart or lungs, was not changed signi®cantly after irradiation in wild type as well as in both knockout animals. The tissues do not show signs of p53-dependent inhibition of 14 C labeling and are known to be relatively resistant to genotoxic stress as judged by the development of apoptosis in them (Midgley et al., 1995; MacCallum et al., 1996 ; Komarova et al., 1997).
These observations again raise the question about the mechanisms determining the tissue speci®city of p53 function. In our earlier work, we noticed that the level of p53 mRNA expression during embryogenesis correlated with the radiosensitivity of mouse embryos to p53-dependent apoptosis, and suggested that p53 gene regulation at the level of transcription or RNA stability could be a determinant of cell sensitivity to genotoxic stress (Komarova et al., 1997) . To further explore the hypothesis linking p53 mRNA expression with tissue sensitivity to apoptosis, we compared p53 mRNA levels in dierent mouse tissues. Northern analysis demonstrated dramatic variations in tissue expression of p53 mRNA. The strongest expression was found in the lymphoid organs (thymus and spleen) that are, in fact, most sensitive to genotoxic stress and develop massive p53-dependent apoptosis in response to g radiation or chemotherapy (Midgley et al., 1995; MacCallum et al., 1996; Komarova et al., 1997) . The lowest levels of p53 mRNA were detected in liver, muscle and heart that do not show apoptotic reaction to genotoxic stress. Organs with intermediate levels of p53 mRNA formed a mixed group, including radiation sensitive (small intestine, testis) and radiation resistant (lung, brain and kidney) tissues. However, after we looked more precisely at tissue distribution of p53 mRNA in one of them (small intestine) by in situ hybridization, it became clear that areas with the highest levels of p53 RNA coincide with the areas of early radiation-induced apoptosis. The same was true for spleen, in which white pulp undergoes faster apoptosis and expresses much higher levels of p53 mRNA than the red pulp. Low levels of p53 mRNA in the liver detected by Northern hybridization re¯ect a uniformly low p53 expression in all cell types in this organ (as judged by in situ hybridization), correlating with lack of apoptosis in the liver following g irradiation. These results con®rmed our hypothesis that radiation sensitivity is determined by the amount of p53 mRNA in the tissue. MacCallum et al. (1996) , who studied p53 protein distribution among mouse tissues, showed that radiation sensitive tissues expressed high levels of p53 protein (spleen, thymus, bone marrow, ependyma, intestine), while those that are resistant express very low levels of the protein (skeletal muscle, brain). Comparison of our RNA data with the results of p53 protein expression in mouse tissues reveals a good correlation between RNA and protein distribution among tissues, showing no indications of regulation of p53 expression at the translational level.
High proliferation rate of tissue does not always correlate with a high level of p53 mRNA expression and sensitivity to apoptosis. For example, this was true for small intestine, while in the spleen this dependence was not revealed (both red and white pulp show a similar proportion of proliferating cells). It is interesting that in p53-null mice the level of proliferation after g radiation in small intestine and in spleen remained high and even increased in the ®rst hours after treatment. This increase could at least in part be also explained by the induction of excision repair of DNA.
We made an attempt to address the mechanisms that determine the dierential expression of p53 mRNA among tissues and stages of embryonic development by studying the inheritance of the expression pattern of p53 p53 and p21 in radiation sensitivity in vivo EA Komarova et al in cell ± cell hybrids. We used mouse embryo ®broblasts from the embryos of two stages of development that dier greatly in the levels of p53 mRNA expression and demonstrated that low expression of p53 is dominant over high expression, suggesting the involvement of a negative control mechanism in the regulation of p53 gene expression. This mechanism may involve some unknown putative negative transcription regulator, which is not expressed in early embryos and radiation-sensitive tissues and activated in late embryos and radiationresistant adult tissues. It is possible, that such a regulator may be among the already identi®ed transcription factors that bind to the p53 promoter and regulate transcription of the p53 gene: USF, c-Myc/Max, NF-kB, NF1, Sp1, Ap1, PF1, PF2, Hox A5, PBF-1, PBF2 (Reisman and Loging, 1998) . Deciphering the mechanism of negative transcriptional regulation of the p53 gene would be very important for understanding the mechanisms of tissue sensitivity to genotoxic stress and may serve as a possible therapeutic target.
Materials and methods

Mice
C57BI/6J mice and p53-null mice in C57BI/6J background were purchased from Jackson lab. p21-null mice were kindly provided by Tylor Jacks (Massachusetts Institute of Technology, Boston, MA, USA).
g irradiation
Cells and 3 ± 9-week-old mice were irradiated (8 Gy) using GL, Shepherd and Associates Model 143-68 Cs 137 Source at a dose rate of 4 Gy per minute.
In vivo 14 C-thymidine incorporation assay 14 C-thymidine (10 mCi per animal) was injected intraperitoneally into untreated wild type, p53-null and p21-null mice and g irradiated mice 8 h after 8 Gy of whole-body irradiation. Mice were sacri®ced 24 h after 14 C-thymidine injection, and whole body sections (25 mm) were prepared and exposed to X-ray ®lm to monitor the tissue distribution of 14 C.
Cells
ConA cells, derivative of Balb/c 3T3 cells with wild type p53, expressing the lacZ gene under the control of a p53-responsive promoter, were described earlier (Komarova et al., 1997) . Embryonic ®broblasts were immortalized from primary C57BI/6J 17 1 2 -day-old p53-null mouse embryonic ®broblasts; genotype was determined by PCR as previously described.
Cell ± cell fusion
The mixture of ConA cells and 17 1 2 -day-old p53 7/7 embryonic ®broblasts (1 : 1) were plated in 100 mm plates (from 2610 5 to 2610 6 of each cell type) and treated with 50% polyethylene glycol solution (PEG, M.W.1450, Sigma) 24 ± 36 h after plating. For fusion, cells were thoroughly washed with PBS, PEG solution was added for 1 min, and cells were immediately washed six times with PBS. Puromycin (1 mg/ml; ConA cells are puromycin-resistant) and G418 (500 mg/ml; p53-null embryonic ®broblasts are neo-resistant) were added to the cells 24 h after fusion to select fused cells resistant to both drugs. Presence of lacZ gene in the hybrid clones was con®rmed by Southern hybridization.
RNA analysis by Northern and in situ hybridization Both done according to previously described protocols. 32 P-labeled insert of full-length cDNA for mouse p53 was used as a probe for Northern hybridization.
35
S-labeled sense and antisense p53 RNA were synthesized on pBLUESCRIPT plasmid carrying a full-length p53 cDNA insert, using T7 and T3 polymerase, respectively. Radioactive in situ hybridization was performed according to a previously published protocol with slight modi®cations. In brief, deparanized sections were heated in 26SSC at 708C for 30 min, rinsed in distilled water and incubated with 10 mg/ml proteinase K in 0.2 M Tris-HCl (pH 7.4), 0.05 M EDTA at 378C for 20 min. After proteinase digestion, slides were post®xed in 4% paraformaldehyde in PBS (20 min), quenched in 0.2% glycine (5 min), rinsed in distilled water, rapidly dehydrated though graded ethanols and air-dried. The hybridization mixture contained 50% formamide, 46SSC (pH 8.0), 16Denhardt's 0.5 mg/ml herring sperm DNA, 0.25 mg/ml yeast RNA, 10 mM DTT, 10% dextran sulfate and 2610 4 c.p.m./ml of [ 35 S]-UTPlabeled riboprobe. After application of the hybridization mixture, sections were covered with sheets of polypropylene ®lm cut from autoclavable disposable bags and incubated in a humidi®ed chamber at 658C overnight. After hybridization, covering ®lm was¯oated o in 56SSC with 10 mM DTT at 658C and slides were washed at high stringency: 26SSC, 50% formamide, 10 mM DTT at 658C for 30 min and treated with RNase A (10 mg/ml) for 30 min at 378C. The high stringency washing step was repeated and slides were next washed in 26SSC and 0.16SSC (15 min each) at 378C. Then slides were rapidly dehydrated through ascending ethanols and air-dried. For autoradiography slides were dipped in Kodak NTB-2 nuclear track emulsion diluted 1 : 1 with double-distilled water and were exposed for 3 weeks in light-tight box containing dessicant at 48C. Exposed slides were developed in Kodak D-19 developer, ®xed in Kodak ®xer and counterstained with hematoxillin-eosin.
Beta-galactosidase staining
ConA cells, mouse embryo ®broblasts and their hybrids were stained for b-galactosidase activity, using standard X-gal protocol, as described earlier (Komarova et al., 1997) .
Proliferation and apoptosis in tissues in situ This was done using BrdU and TUNEL assays according to previously described protocols (Christov et al., 1996) .
